In this work we report, for the first time, an experimental observation of a superheating phenomenon in metal thin films. By means of cold rolling, Pb thin films of about 20 nm thick were sandwiched by Al layers, and between them semicoherent epitaxial Pb͞Al interfaces were formed. In situ x-ray diffraction analysis indicated that the confined Pb thin films could be superheated for at least 6 ± C. Thermodynamic analysis indicated that such a substantial superheating in the confined two-dimensional thin films may originate from suppression of growth of the molten droplets by the epitaxial Al͞Pb͞Al confinement, instead of suppression of melt nucleation for the confined particle superheating. 68.35.Rh, 64.70.Dv It is well known that melting points of low-dimensional solids, such as nanoparticles, thin films, nanofibers, etc., are considerably reduced relative to the equilibrium melting point ͑T m ͒ of bulk solids. For example, the melting point of free-standing nanoparticles and thin films may be as little as half of the bulk material [1] [2] [3] . It has been repeatedly emphasized that melting of a solid is initiated by melt nucleation at the solid surfaces or interfaces that occurs normally below its equilibrium T m [4] [5] [6] . When the dimension of a solid is reduced, or in other words, more surfaces and interfaces are provided where heterogeneous nucleation of melt may take place, the melting temperature will be lowered. Meanwhile more and more low-dimensional materials have found applications in modern industries, their stability against melting is becoming one of the major concerns in further development and applications of this new materials family. Exploration of possible approaches to elevate the instability (melting) temperature of the low-dimensional materials will be of great significance for both the technological applications and the fundamental understanding of the melting mechanism.
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Elevating melting points of metal particles has been successfully realized in a number of metal systems [7] [8] [9] [10] [11] [12] [13] when the particles are coated by (or embedded in) a high-T m metal with epitaxial particle͞matrix interfaces. Suppression of heterogeneous nucleation of melt at the epitaxial interfaces with a low interfacial energy is supposed to be a key factor to control the superheating [4, [13] [14] [15] .
However, for two-dimensional (2D) thin films, those necessary conditions for superheating of particles could not be practically feasible. Even if a thin film could be sandwiched by two high-T m films with coherent or semicoherent interfaces, heterogeneous nucleation of melt at various defects in the film (film bounds, grain boundaries) and at the defective interfaces would not be effectively suppressed. Therefore, 2D thin films are usually regarded to be hardly superheated.
In this work we report, for the first time, an observation of a substantial superheating in confined Pb thin films sandwiched by Al. Such a superheating phenomenon in the thin film is attributed to suppression of a melt growth by the epitaxial Al͞Pb͞Al confinement, instead of suppression of melt nucleation in the case of confined particles. This effect may provide new possibilities to elevate the instability temperature against melting for other low-dimensional materials (e.g., films and wires) of increasingly technological interests.
Elemental pure Al and Pb foils of about 20 mm thick and 10 mm wide, with the same purity of 99.99%, were alternatively stacked to make an Al͞Pb͞Al sandwich. The Al͞Pb͞Al sandwich was repeatedly rolled and folded at ambient temperature until the nominal thickness of Pb layers was reduced into the nanometer regime. At intervals the sample was annealed at 320 ± C to eliminate work hardening of Al. Finally, the as-rolled Pb͞Al samples were annealed at 320 ± C for 30 min in order to release the strain and stabilize the Pb͞Al interface structure.
Structure characterization by means of x-ray diffraction (XRD) analysis (on a Rigaku D/Max 2400 x-ray diffractometer operated at 150 mA, 50 kV with Cu K a radiation) indicated that only pure Pb and Al are detectable in the as-rolled Pb͞Al sample. The lattice parameter measurements indicated that no solid solution was formed between these two immiscible elements upon cold rolling. Transmission electron microscopy (TEM) (on a JEM-2010 transmission electron microscope with an accelerating voltage of 200 kV) observations showed that in the rolled Pb͞Al specimens, Pb was deformed into thin films sandwiched by Al layers. But the Pb films are fragmentary rather than continuous layers throughout the rolled strip. Planview TEM images showed that the size of each Pb (polycrystalline) fragment ranges from about a few hundred nanometers to a few microns, in which the Pb grain size is about ϳ50 70 nm. Cross-sectional TEM images indicated that the thickness of most Pb fragment layers is rather uniform, being about 20 6 5 nm [as shown in Fig. 1(a) ]. From selected area electron diffraction (SAED) patterns of the Pb͞Al thin films, we found that for most Pb fragment layers no specific crystallographic orientation relationship exists between the Pb and Al phases. But for a small fraction of Pb layers, a cubic-cubic orientation relationship between Pb and Al was detected, as shown in Figs. 1(b) and 1(c). That provides an evidence for existence of the semicoherent Pb͞Al interfaces. Such an epitaxial Pb͞Al interface is consistent with that observed in the Pb particles embedded in the Al matrix synthesized by means of melt quenching [9, 13] and ion implantation [12] .
In situ XRD was employed to monitor the melting process of the confined Pb films during heating on the same diffractometer equipped with a high-temperature attachment. For comparison, a thin pure lead foil with a thickness of about 10 mm was also prepared by means of rolling. Specimens with a size of 4 3 5 mm were fixed on an Al sample holder, which was then mounted on a that at 327 ± C, implying a considerable fraction of solid Pb in the sample has melted at ϳ327 329 ± C, while a small fraction of solid Pb exhibits an enhanced stability against melting. At 334 ± C, the (111) diffraction is still visible while other peaks have completely disappeared. Figure 3 displays the variation of the integrated intensity of four profiles with temperature for the Pb͞Al sample as well as the pure Pb samples. Evidently, all Bragg diffraction lines in the pure Pb sample disappeared below 329 ± C. In the Pb͞Al sample, evident diffraction profiles can be observed above the equilibrium T m . Such a reduction of diffraction intensity is mainly attributed to a decrease of the volume fraction of the remaining Pb crystals, as the reduction induced by the Debye factor is relatively small in this temperature range. The temperatures at which the XRD profiles disappear at 6, 2, and 1 ± C above equilibrium T m for (111), (200), and (220) reflections, respectively. It means that some solid Pb films can be superheated for at least 6 ± C relative to bulk T m 328 ± C. The same experiment has been repeated for several times using different Pb͞Al specimens, and rather consistent results were obtained. The largest superheating observed in the Pb͞Al samples varies in a range of ϳ3 10
Since it took about 50 min to carry out the in situ XRD measurements from 328 to 334 ± C, such a superheating of a few degrees is a substantial metastable superheating, rather than an unstable kinetic superheating due to the time limit [16] .
According to the structure characterization of the rolled Pb͞Al specimen, one can deduce that the melting of solid Pb below 329 ± C is from those Pb films without an orientation relationship at Pb͞Al interfaces where melt nucleation and growth are easily occurring, while the superheated solid Pb might be the film with semicoherent Pb͞Al interfaces as identified by SAED analysis. Previous studies [9, 10, 13] originates from two effects: (1) epitaxial semicoherent Pb͞Al interfaces that suppress the nucleation of melt at particle surfaces, and (2) an increasing pressure on Pb particles (due to different thermal expansion coefficients between solid Pb and Al) at elevating T m .
In order to evaluate the effect of pressure on the superheating, lattice parameter measurements were carried out in the Pb͞Al thin film sample, as usually done in the cases of embedded nanoparticles. The measured lattice parameter of the confined Pb film at 327 ± C (below the equilibrium melting point) is a 4.995 6 0.001 Å. The tabulated value of lattice parameter for bulk Pb at this temperature is 4.9957 Å [10] . It is evident that these values are rather consistent, implying that the additional pressure imposed on the sandwiched Pb films is essentially negligible.
Then, it is reasonable to attribute the observed superheating of Pb in our in situ XRD experiments to the Pb films with epitaxial semicoherent Pb͞Al interfaces. As proven by experimental studies and computer simulations, nucleation of Pb melt at the epitaxial Pb͞Al interface could be suppressed [13, 17] . Suppression of melt nucleation plays a dominant role in achieving superheated nanoparticles. However, in the case of thin films, nucleation of melt may not be prevented due to various kinds of defects existing in the polycrystalline films and at the Pb͞Al interfaces.
The melting of a solid is a kinetic process consisting of nucleation and growth of the molten phase. Even though the melt nucleation in the thin films could not be prevented, growth of the molten phase might be suppressed by the special confinement. From a thermodynamic point of view, the driven force ͑DG͒ for growth of a melt droplet nucleated at the defective interfaces comes from the Gibbs free energy change due to the solid to liquid transition. But owing to the confinement of the thin film by semicoherent Pb͞Al interfaces which possess a low Pb͞Al interfacial energy, the melt front interface should be curved (as schematically shown in Fig. 4 ) as g Pb͑s͒Al 1 g Pb͑s͒Pb͑l͒ cos͑u͒ g Pb͑l͒Al . The wetting angle ͑u͒ is less than 90 ± as g Pb͑s͒Al , g Pb͑l͒Al due to the Pb͞Al epitaxy.
In order to overcome the interfacial energy difference Dg g Pb͑l͒Al 2 g Pb͑s͒Al during the growth of a melt, an excess work DW 2Dg must be done to maintain the critical driving force per unit Pb͞Al interface area, which will result in an elevation of the melting point ͑DT ͒. Based on the thermodynamic analysis, the superheating temperature ͑DT ͒ for a melt growth within a thin film can be obtained via the equation:
where D is the film thickness, L V is the latent heat per unit volume, u is the wetting angle (see Fig. 4 ), and g sl is the solid/liquid interfacial energy. For the Pb layers of 20 nm thick, the melting point elevation due to this excess work was estimated to be about In addition, melting of a solid is accompanied by an elastic strain energy change, which gives another resistance to the melting process [14] [15] [16] [17] [18] . This effect is significant for superheating of embedded nanoparticles. When the strain energy effect is taken into account in the case of thin films, an extra metastable superheating may result. For the present Pb͞Al samples, this effect might be minor due to the existence of various kinds of defects in the Pb films and the Pb͞Al interfaces, which can release the strain energy rather easily.
From the above analysis it is clear that the resistance to the growth of melt depends strictly upon the degree of the confinement of the Pb thin films, namely, the epitaxy at the Pb͞Al interfaces. When the epitaxy at the Pb͞Al interfaces is broken, the resistance to both the nucleation and the growth of melt would be out of function. Therefore, a well confinement is necessary for obtaining superheating in 2D thin film. Based on this analysis, it is anticipated that with a reduction of the film thickness, or a decrease of the epitaxial interface energy, the extent of superheating would be increased as the resistance to melt growth is enhanced.
In summary, we observed an evident superheating in a 2D Pb thin film confined by Al layers, with which epitaxial semicoherent Pb͞Al interfaces are formed. The superheating of Pb thin films could be understood in terms of suppression of the growth of the molten phase by the epitaxial confinement, which provides new possibilities to elevate the instability temperature of low-dimensional materials against melting.
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